INTRODUCTION
The muscles of insects are among the most efficient known in the animal kingdom. They are able not only to contract at a very high rate (up to 1000 contractions per second), but also to work continuously for long periods. Studies on their biochemistry would seem to promise results of general interest. Up to the present time, however, only a few workers have been attracted to the study of insect muscle and our knowledge is accordingly very meagre. The results of the first detailed experiments in this field have not been particularly encouraging and they have failed to reveal significant differences in the biochemistry of insect and vertebrate muscle. As is true of mammalian muscle, the action of the flight muscles of bees and flies depends on a sufficient supply of carbohydrates, which has been demonstrated in elegant experiments by Beutler (1936 Beutler ( , 1937 and Wigglesworth (1949) . In recent years, however, evidence has been found that the metabolism of other insects--probably of the majority--differs distinctly from that of the vertebrates. Locusts, for example, are able to utilize fats exclusively as energy source for their muscular work, especially during prolonged flights (Krogh and Weis-Fogh 1951, Weis-Fogh 1952) . Lepidoptera seem to be even more specialized in this direction. Probably they do not utilize carbohydrates directly to a significant extent, but transform them into fats before utilization (Zebe 1953 (Zebe , 1954 . Between these two types, namely, insects which use carbohydrates and those which use fats, others take an intermediate position, being able to utilize both fats and carbohydrates.
Because of such variation in their metabolism insect muscles studied biochemically from the comparative point of view seemed to promise rewarding results. It was considered to be of particular interest to find out whether some of the great anatomical differences between insects and vertebrates might correlate with different conditions for the action of the muscles in the two groups. These conditions might possibly result in basic differences in the biochemistry of these animals. Very little attention has been given to this problem in the past. The basis for the studies which will be reported here, therefore, involves the following questions: (1) Does the group of insects in general possess a glycolytic system as it is known in the vertebrates? (2) Is there an indication that during periods of hard work their muscles also suffer from a shortage of oxygen? (3) Do biochemical differences or modifications exist which are specific to the two types of metabolism in insects?
Material and Methods
The insects for the experiments were raised in the laboratory or caught outdoors. They were dissected in the cold. If their size was too small to allow proper separation of the different tissues, thorax or abdomen was used as a whole after removal of the limbs. Experiments on whole animals were done in only a few cases (larvae).
The blood substitute "periston" (Bayerwerke) which contains about 4 per cent polyvinyl pyrrolidone was used for the extraction of the tissues or the suspension of the homogenates; it has been proved to be an excellent medium for making tissue preparations. Phosphate was added to make a 0.05 M solution of pH 7.3. The procedure for the extraction was as follows: The tissue was homogenized in ten volumes of the periston-phosphate solution in a sharply pointed ground glass homogenizer, centrifuged (5 to 10 minutes at 17,000 X g), and the dear supematant fluid separated.
The residue was subjected to this procedure four more times including homogenization of the tissue each time with new fluid.
The activities of the DPN-linked enzymes were measured by means of the optical test. This assay is based on the rate of oxidation of reduced DPN under precisely standard conditions (Beisenherz et aI., 1953) indicated by decreasing absorption of ultraviolet light at a wave length of 340 m#. The enzymic activity is expressed in units as they were defined by Biicher and coworkers (Beisenherz et al., 1953) . One unit corresponds to a turnover of 1.76 X l0 s ~r reduced DPN per minute per ml. A Beckman model DU spectrophotometer was used. The test medium was 0.1 u triethanolamine hydrochloride buffer of pH 7.56. The test volume was 1 ml. in a cuvette of 10 ram. diameter. The concentration of the enzymes was varied according to their activity between 0.002 and 0.070 rag. protein per cuvette.
The Warburg experiments were done in air at 38°C. using conventional apparatus and flasks. A modification of the biuret method (Beisenherz et al., 1953) was used for the protein determinations. Lactate was determined by means of the colorimetric method of Barker and Summerson (1941) .
RESULTS
The efficiency of the extraction of the enzymes from insect muscle was studied before assaying the extracts quantitatively for their enzymic activities. Woodroach thoracic muscle was used for this purpose. It was extracted five times with the same volume of fluid and the extracts were tested separately for their glycerophosphate dehydrogenase activity. The protein contents were determined simultaneously. The data in Table I show that the enzymic activity decreased rapidly from the first extract to the fifth which did not contain significant activity. The protein content decreased at a slower rate than the enzymic activity. These results demonstrate the high water solubility of GDH I(DPN-linked) from insect muscle and show that it is removed readily from the tissue by five times repeated homogenization and extraction.
The oxidation of reduced DPN by extracts from insect tissues was studied first in the absence of any substrate. In all cases it was found to be extremely low. An extract of _Phormia flight muscle (0.016 mg. protein/cuvette), for instance, which required 20 seconds to decrease the extinction (log Io/I) by 0.100 (A 100) in the presence of dihydroxyacetone phosphate (standard conditions for GDH I assay) required 1800 seconds without substrate in the control experiment. (LDH). The similar results obtained with the two insects suggested that the absence of L D H activity might be a feature characteristic of insects in general and perhaps be related somehow to the different way that oxygen is supplied to the tissues of these animals. In order to obtain further evidence in support of this hypothesis the studies were extended to a larger number of insects belonging to as many different families as possible. The results of these experiments show that the activity of LDH is extremely low in the flight muscles of all insects studied. A significant level was found only in a few cases. The examples of the rat leg muscle and the abdominal muscle of the crayfish (bottom of Table II ) demonstrate the striking difference between the respective muscles of these animals and the flight muscles of insects. The results of the same experiments revealed another peculiar feature of insect flight muscle, namely, its extraordinarily high content of a-glycerophosphate dehydrogenase (GDH I, DPN-linked). Although the data show variations in the different species (for which the different degree of physical activity of the specific animals might be responsible), the activity of G D H I always exceeded that of vertebrate muscle many fold. I t appears that the proportions of L D H and G D H I activities in flight muscles of insects are reversed from those found in mammalian muscles.
Leg M u s d e .
--T h e L D H activity of extracts from leg muscle was usually as low as in thoracic muscle. In two cases, however, a very active L D H was found (Table III) . I t is of interest that in these two insects the legs perform especially hard work: an efficient rowing stroke in the water-bug Belostoma and the extremely strong contraction necessary for the jumping of the grasshopper (Melanoplus). Although the activity of G D H I in leg muscle is generally somewhat lower than in thoracic muscle, it is still high in comparison to animals from other groups. I t is interesting that in the two cases of exceptionally high L D H activity the G D H activity seems to be decreased to a certain degree. A comparison of the data from the grasshopper leg muscle (Table I I I ) with those from its flight muscle (Table II) demonstrates clearly how striking the differences can be between the specific muscles of the same animal.
Other Tissues and Larvae.uSome determinations were also made of the G D H I and L D H activities of extracts from other tissues of the insects. Both enzymes were found to be practically absent from the gonads. Significant L D H was not present in the fat bodies of the species studied with the exception of the blowfly Phormia which showed slight L D H activity. However, G D H was rather active in the fat bodies of the insects although there was considerable difference among several of the species (Table IV) .
Somewhat less distinct are the results obtained in experiments on insect larvae in which the whole animal was homogenized. I n the extracts of two species the G D H activity exceeded b y far the L D H activity. However, the example of Prodenia shows that a great part of the activity is located in the fat body. I n the blowfly maggot and in the chironomid larvae the proportions are reversed (Table V) .
The d a t a from the first assays of the blowfly tissues were not quite satisfactory because they showed wide variations. I t was suspected that different ages INSECT LACTIC AND a-GLYCEROPttOSPHATE DEHYDROGENASES might be responsible for these results. Experiments were done, therefore, with flies of known age which ranged from individuals just emerged to those 3 weeks old. The values in Table VI show that great differences do exist. Within the first 10 days of adult life there is a fourfold increase in G D H I activity in the flight muscle which remains constant afterwards. I n the fat body (abdomen) 
G D H I reaches its peak somewhat earlier. This applies also to the L D H of this tissue.
Particulate Glycerophosphate Dehydrogenase ( G D H H ) . --T h e residues of the tissues which had been homogenized and extracted five times were examined for possible remaining enzymic activities. It was found in Warburg experiments that some of these preparations were still able to oxidize a-glycerophosphate. By addition of cytochrome c the oxidation was increased by five or six times. The addition of D P N did not result in any increase in oxygen consumption (Fig. 1) . Furthermore, the p H optimum of the reduction of dihydroxyacetone phosphate under the conditions of the optical test and that of the glycerophosphate oxidation by the residue of thoracic muscle differed to some degree. The first was determined to be sharply pH 6.4; the second was found to lie less distinctly between pH 6.7 and 6.8. The fifth extract as shown above in Table I did not contain significant GDH I activity. It was concluded on the basis of these results that a second glycerophosphate dehydrogenase (GDH II) is present which is not extracted from the tissue and which is not DPN-specific, but which is linked directly to the cytochrome system as is the case with succinic dehydrogenase. A particulate GDH of this kind has been previously reported by Green (1936) to occur in vertebrate muscle (see also Ta (Tables II to IV) . Significant activity of GDH II, however, was found in the fat body of the blowfly.
Since the oxygen uptake of the residues was great, it was of interest to determine to what extent the particulate GDH is involved in the oxidation of glycerophosphate by the whole homogenate. In this connection the oxygen consumption of the residue and of the whole homogenate of blowfly flight muscle were compared under exactly the same conditions. It was found that the whole homogenate took up almost three times as much oxygen as the residue (Fig. 2) . This might be interpreted as indicating that the GDH II accounted for onethird of the glycerophosphate oxidation. It appears very questionable, however, whether these two enzymes were both working under optimum conditions. It is conceivable that the optimum conditions for one of these enzymes might Each Thunberg tube contained: 2.0 ml. homogenate (50 to 100 mg./ml.) in 0.1 ~ phosphate buffer pH 7.3 -b 0.1 KF; 0.0050 M magnesium chloride, 0.0038 ~¢ fructose diphosphate, 0.0030 ~r pyruvate, 0.0050 ~¢ ATP, 0.0004 ~¢ DPN, 0.0050 u glucose (all final concentrations), 0.1 ~¢ phosphate buffer was added to make a total volume of 6 ml. the whole homogenate. I n consideration of these conditions the results must be interpreted with caution.
Lactate Production.--Although the results obtained with the optical tests seemed reliable, it was thought desirable to check them b y means of another method. In this connection the formation of lactate from a suitable substrate by muscle homogenate was studied under anaerobic conditions. If the activity of LDH in flight muscle was almost lacking as indicated by the results given above, only a very small amount of lactate would be expected to be formed. On the other hand, grasshopper leg muscle with its much higher LDH activity should metabolize more substrate to lactic acid. Indeed these postulates were proved true, although the differences between the two kinds of muscle were not quite as great as was expected from the LDH activities. Thus in the experiments with grasshopper leg muscle three times as much lactate accumulated as in those with flight muscle (Table VII) . Concentrations the same as in Table VII .
Experiments were also done in which traces of a pure LDH preparation from mammalian muscle were added to the muscle homogenate and substrate. It resulted in a great increase in lactate production (Table VIII) . These findings indicate that the LDH activity actually is the limiting factor of the system while the other enzymes involved in the breakdown of carbohydrates by the Embden-Meyerhof pathway are working satisfactorily.
DISCUSSION
The reported experiments have established the fact that LDH activity is almost absent from insect flight muscle. The conclusion drawn from this finding is that these muscles do not possess the typical glycolytic system of vertebrate skeletal muscle. The mechanism of glycolysis enables the muscle to produce energy by means of a partial oxidation of glycogen or glucose even under anaerobic conditions. It is unable to function if the absence of LDH inhibits the formation of lactate from pyruvate. The presence and probably rather high activity of the other glycolytic enzymes do not mean a contradiction of this statement for they are necessary for the breakdown of carbohydrate on the ordinary pathway via pyruvate to complete oxidation in the citric acid cycle.
The exceptions, namely, high LDH activity in some leg muscles which indicates the presence of an efficient glycolytic system, may be considered as adaptions to conditions of insufficient oxygen supply from which flight muscles apparently do not suffer. Thus, in Belostoma a shortage of oxygen is highly probable, since this insect can take only a very limited amount of air while diving under the water surface during which time the leg muscles contract vigorously. The violence of contraction required in the leg muscle of the grasshopper must be extremely high momentarily, so that the supply of oxygen may not be sufficient to meet the demand. In addition, the route for transporting oxygen is extraordinarily long because the spiracle of the trachea which supplies the leg muscle is located in the thorax at some distance from the muscle itself. The hypothesis that glycolysis (high activity of LDH and production of lactate) in insects occurs only under conditions of low oxygen supply is also supported by the results of the experiments done on larvae. Thus the blowfly maggots and the chironomid larvae which contain a very active LDH live ordinarily under conditions of frequent oxygen shortage, namely, in decaying meat and in the mud on the bottom of lakes and streams, respectively.
Previous studies on the metabolism of insect muscle have not provided sufficient evidence to show the presence of the glycolytic mechanism in this tissue. The first workers in this field (Davis and Slater, 1928, and Blanchard and Dinulescu, 1932) , who found the accumulation of some lactate in the bodies of roaches and Gastrophilus larvae, pointed out that the amount of this substance was much smaller than was to be expected from the decrease in glycogen and glucose content or the oxygen uptake of these insects. In this connection the accumulation of lactate in insect muscles or other tissues has not been reported after periods of prolonged exercise, long flight, for example.
The incubation of cockroach or locust muscle preparations with a suitable substrate revealed that only very small amounts of lactate were formed in absence of oxygen while in the case of the locust thorax muscle pyruvate seemed to be the main reaction product (Barton and Tahmisian, 1948, and Humphrey and Siggins, 1949) .
The fact that Chefurka (1954) demonstrated the presence of LDH in houseflies does not contradict the results reported here because both sets of data show approximately the same low level of LDH activity.
Having found out that insect muscle does not possess the glycolytic system of the vertebrates, one asks what the meaning and interpretation of this result may be. In this connection it should be pointed out that very low LDH and high GDH activity were always found in the flight muscles whereas in some special cases of leg muscle the related activities were exactly reversed. This suggests that the combination of extremely low activity of one enzyme and the abundance of the other may not be merely incidental, but may have significance from the physiological standpoint. It seems that in the different muscles, at least to a certain degree, one enzyme might take the place of the other. In the metabolic scheme of the vertebrates so far known the oxidation of glycerophosphate and the reduction of dihydroxyacetone phosphate are apparently rather unimportant side reactions. The high activity of GDH I and, in addition, the presence of a very active particulate GDH suggest that in insects these reactions must have physiological significance.
The absence of glycolysis from insect muscle could mean that there is little, if any need for an anaerobic mechanism because the tracheal system is so much superior to the respiratory system of the vertebrates in supplying oxygen that there is never a shortage. Immediate and complete oxidation of the substrates is accomplished, therefore, without accumulating them in a half-oxidized form;
i.e., as lactate or another intermediate substance. Such a hypothesis would account for a manifold energy output and offer a plausible explanation for the tremendous supply of energy required by the thoracic muscles during flight.
The results reported clearly show that there is remarkable variation in the metabolism even in a tissue of such uniform structure and function as skeletal muscle from animals which belong to different groups of the animal kingdom. SUMM~RY Different tissues, especially muscles, from insects belonging to various groups were extracted and studied for their lactic dehydrogenase (LDH) and a-glycerophosphate dehydrogenase (GDH I) activities from the comparative point of view.
In all cases assays of flight muscle extracts showed extremely low values of LDH activity whereas the GDH activities were surprisingly high. The activities in leg muscles were generally lower. In some insects, however, a very active LDH was found; in these cases the GDH activity seemed to be decreased.
GDH I was rather active in the fat bodies.
The presence of particulate glycerophosphate dehydrogenase (GDH II) was also demonstrated in insect muscles. These results were interpreted as indicating a system by which there is accomplished immediate and direct breakdown of metabolites to supply large amounts of energy during flight and other activities without the accumulation of intermediate substances.
Preliminary experiments for this paper, which will be published in connection with studies on other problems, were performed in the Department of Physiological Chemistry at the University of Marburg, Germany. They were made possible by the Deutsche Forschungsgemelnschaf t.
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